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Abstract. One of the major functions of circulating Limu-

lus amebocytes is to effect blood coagulation upon receipt

of appropriate signals. However, the hypothesis that Linui-

Ins amebocytes are fundamentally similar to vertebrate

thrombocytes and platelets has not been tested sufficiently

in previous studies of their cytoskeletal organi/ation.

Whereas the earlier data were derived from transmission

electron microscopy (TEM) of thin sections of a limited

number of cells, improved fluorescence labeling methods

that retain cell morphology have now enabled us to survey

F-actin and microtubule organization in intact individual

amebocytes and in large amebocyte populations pre- and

post-activation. Anti-tubulin immunofluorescence showed

the marginal band (MB) of microtubules to be ellipsoidal in

most unactivated cells, with essentially no other microtu-

bules present. However, minor subpopulations of cells with

discoidal or pointed shape, containing corresponding ar-

rangements of microtubules suggestive of morphogenetic

intermediates, were also observed. Texas-red phalloidin la-

beled an F-actin-rich cortex in unactivated amebocytes.

accounting for MBand granule separation from the plasma
membrane as visualized in TEMthin sections, and support-

ing earlier models for MBmaintenance of flattened amebo-

cyte morphology by pressure against a cortical layer. Shape
transformation after activation by bacterial lipopolysaccha-

ride was attributable principally to spiky and spreading

F-actin in outer cell reaions, with the MB chaneins to
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twisted, nuclei-associated forms and eventually becoming

unrecognizable. These major pre- and post-activation cy-

toskeletal features resemble those of platelets and non-

mammalian vertebrate thrombocytes. supporting recogni-

tion of the Limulus amebocyte as a representative

evolutionary precursor of more specialized clotting cell

types.

Introduction

Only a single cell type the granular amebocyte is be-

lieved to circulate in the hemolymph (blood) of Limulus

polyphennis, the American horseshoe crab. However, the

amebocyte is multifunctional with respect to innate immune

mechanisms, playing a role in phagocytosis, wound healing,

and clotting (Armstrong, 1985a). In its native, or unacti-

vated. state in the circulation, the amebocyte is a flattened

ellipsoid, a characteristic shape maintained by a specialized

organization of cytoskeletal elements. When amebocytes
are suitably activated, exocytosis occurs, and molecular

components released from the intracellular granules cause

the hemolymph to clot rapidly (Levin and Bang, 1968:

Armstrong and Rickles, 1982). Limulus amebocytes are

exquisitely sensitive to activation by bacterial lipopolysac-

charide (LPS: Armstrong. 1980; Ornberg and Reese, 1981),

and algal LPS is also effective (Conrad ct al.. 2001 ). Such

activation is accompanied by marked changes in cell shape,

a feature shared by specialized non-mammalian vertebrate

clotting cells (nucleated thrombocytes) and by mammalian

platelets (Allen et al.. 1979: Debus et al.. 1981: Lee et al..

2004). This study was aimed at gauging the extent to which

the cytoskeletal characteristics of Limulus amebocytes. both

pre- and post-activation, are shared by vertebrate thrombo-

cytes and platelets.

The existing relevant data about Limulus amebocytes
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have been obtained principally by transmission electron

microscopy (TEM) of thin sections. Copeland and Levin

(1985) described the general fine structure of the native

circulating amebocyte. including the nucleus, mitochondria.

Golgi apparatus, endoplasmic reticulum. and ribosomes.

They also reported that granules of two size classes were

present, with "large" ones predominant, and that immature

forms of the large granules were Golgi-associated and had

distinctive matrix patterns not visible in mature granules.

Similar TEMobservations were made of the organelles and

granules in amebocytes of the Asian horseshoe crab

Tachypleus (Toh ct al.. 1991).

Cytoskeletal organization within the Limuhis amebocyte

was also observed in thin sections. Marginal bands (MBs) of

microtubules were found in the plane of flattening of unac-

tivated cells by Nemhauser et al. (1980). similar to the MBs
that are characteristic of nearly all vertebrate nucleated

erythrocytes and clotting cells (Fawcett and Witebsky,

1964: Shepro et til.. 1966: Behnke, 1970; Jagadeeswaran et

iii. 1999). Subsequently, Cohen and Nemhauser (1985)

suggested that these MBs functioned to maintain the flat-

tened ellipsoidal shape of unactivated cells by interaction

with a cortical cytoskeletal network, as in mammalian plate-

lets (Debus et al., 1981 ). Tablin and Levin ( 1988) using a

TEMfixation method originally devised to reveal F-actin in

platelets (Boyles et al.. 1985) observed thin filament ar-

rays in the cortex of unactivated amebocytes. They sug-

gested that MB interaction with the cortical array might

constitute a shape-maintaining cytoskeletal tension system

in unactivated cells, similar to that proposed earlier for

nucleated erythrocytes by Joseph-Silverstein and Cohen

(1984. 1985). They also reported that MBsof activated cells

relocated to the cell interior together with cortical filament

arrays, and that the MBs never completely disassembled.

The present study had two principal objectives: first, to

evaluate earlier proposals that the interaction between the

MB and cortical thin filament arrays is responsible for

maintaining the shape of unactivated amebocytes; and sec-

ond, to determine whether post-activation cytoskeletal

events in Limuhis amebocytes parallel those of the more

specialized clotting cells of vertebrates. Because the TEM
methodology used previously limits depth of field and num-

ber of cells that can be observed, we turned to fluorescence

labeling. This provides the best assessment of cytoskeletal

organization in whole single cells and in large cell popula-

tions, and it has been applied successfully to mammalian

platelets (Debus et al.. 1981). Moreover, impetus for the

work came from two recent developments: methods for

rapid localization of cytoskeletal proteins with improved

retention of native cell shape became available (Lee et al.,

2002). and the post-activation cytoskeletal sequence for

non-mammalian vertebrate thrombocytes was reported for

the first time through use of such methods (Lee et al., 2004).

Employing fluorescence localization, we first examined

the features of unactivated l.'uniiliu* amebocytes, focusing

on the organization of major cytoskelelal elements: F-actin

in the cell cortex, and microtubules in the MBs. Then, alter

LPS-induced activation, the changes undergone by Limiilns

amebocytes were studied in carefulK timed post-activation

samples. TEM thin sections of both unactivated and acti-

vated amebocytes yielded ancillary details. The results pro-

vide a more complete picture of the cellular organization

and activities of amebocytes than had been obtained previ-

ously, revealing basic structural and functional similarities

between these ancient, multifunctional chelicerate blood

cells and specialized vertebrate clotting cell types.

Materials and Methods

Living material

Specimens of Limuhis polyphemus provided by the Ma-

rine Resources Center of the Marine Biological Laboratory.

Woods Hole, Massachusetts were maintained in the Labo-

ratory's running seawater system at 16 C or in closed

circulating artificial seawater tanks at 12 C, and fed

clams or mussels periodically. Individual animals were

identified by tape labels or rubber bands attached to the tail.

Preparation of cells for subsequent fluorescence labeling

Unactivated cells. Unactivated cells for population surveys

were pre-fixed in suspension by dripping 0.5 ml of blood

directly into 0.5 ml of 2% formaldehyde in 3%NaCl (room

temperature, 23 C). Subsequent steps were performed by

gentle centrifugation of the fixed cells in 2-ml siliconized

microcentrifuge tubes. After 5 min of pre-fixation, cells

were washed in 3%NaCl: extracted and further fixed for 30

min in 0.6% Brij-58, 2% formaldehyde in 3% NaCl; then

washed in PBS and blocked for 1 h in 1% BSA in PBS prior

to fluorescence labeling.

Activated cells. Activated cells were prepared by exposure

to bacterial LPS as follows. Sterile, virgin. 35-mm plastic

petri dishes were prepared for production of successive

post-activation time samples. Each dish contained 5 ml of

3% sterile, endotoxin-free NaCl and a sterile LPS-free cov-

erslip (pre-baked >4 h. 200 C; Armstrong, 1985b). The

dishes were pre-chilled for 20 min at 9 C to inhibit cell

activation. An animal was chilled for 2 h at 4 C and then

dried; after its cephalothorax-opisthosome joint was cleaned

\s ith 70'r ethanol. it was bled by cardiac puncture with a 20-

or 21 -gauge needle. With the dishes now placed at room

temperature (23 C). I drop of blood (hemolymph) was

added to each dish: the large volume ratio of saline to blood

diluted hemolymph components that might otherwise acti-

vate the cells. To avoid possible distortion of cell shape, the

blood was dripped directly from the open end of a syringe

needle into the medium, rather than first drawing blood into



58 M. CONRADET AL

a syringe. The dishes were lightly swirled to disperse the

cells, which were then allowed to settle for about 3 min and

adhere to coverslips. During this process the cells remained

unactivated. To activate the cells and induce exocytosis. 3

ml of supernate were removed via LPS-free pipette, and 2

ml of 2X concentrated activating medium (20 mMCaCl 2 .

20 jug/ml LPS in 3%NaCl) was added to each dish, to make

final concentrations of 10 mMCaCK and 10 ju-g/ml LPS in

3% NaCl. The dishes were incubated at room temperature

(-23 C) and, at particular time points (ranging from 30 s

to 10 min), coverslips with adhering amebocytes plus any

clot-related material were further processed. Following a

wash in 3% NaCl, the material was pre-fixed 5 min in 1 %

formaldehyde in 3%NaCl, extracted and fixed for 30 min in

3% NaCl containing 0.6% Brij-58 and 2% formaldehyde,

washed in PBS, and blocked 1 h in 1% BSA in PBS prior to

fluorescence labeling.

Fluorescence labeling and observation of cytoskeletal

proteins

To label microtubules, samples were incubated in PBS

containing a 50:50 mix of mouse monoclonal anti a- and

/3-tubulins (Sigma T-9026 and T-4046) that had been pre-

bound with Zenon Alexa Fluor 488 Fab (Z-25002. 1 : 1 by

mass; Molecular Probes). For F-actin. samples were incu-

bated in 260 nMof Texas-red phalloidin, for a minimum of

10 min, followed by a wash in PBS. Nuclei were labeled

with 3 jJiM DAP1 (Sigma D-9542). Labeled samples were

examined routinely using a Zeiss phase contrast/epi-fluo-

rescence microscope equipped with a Nikon 950 digital

camera; some observations were made using DIC optics.

Preparations for transmission electron microscopy

Sample tubes, each containing 2 ml of 10 /xg/ml bacterial

lipopolysaccharide (LPS; Sigma) in 3% sterile NaCl, were

prepared for various periods: (pre-activation), 30 s, 1 min,

2 min, 5 min, and 10 min. Two drops of blood were added

to each tube via cardiac puncture, as described above. At

each time point, 2 ml of 5% glutaraldehyde in 10 mM
HEPES(pH 6.8) was added, except for the 0-time tube, to

which it was pre-added so that the final glutaraldehyde

concentration was -2.5%. Preparations were fixed for 1 h at

room temperature (-23 C), washed three times in Soren-

sen's phosphate buffer (0.1 A/, pH 6.8), and post-fixed in

1% osmium tetroxide in the same phosphate buffer for 1 h.

Following three washes in phosphate buffer, the material

was dehydrated with ethanol. infiltrated using propylene

oxide, and embedded in Epon. Thin sections were cut with

a diamond knife, stained with aqueous uranyl acetate and

Reynold's lead citrate, and examined in a Hitachi H-600

transmission electron microscope.

Results

Cvtoskeletal organization in unactivated cells:

fluorescence observations

All of the cells observed in both fresh and fixed blood

samples from many animals appeared to be granular ame-

bocytes. As seen by DIC or phase contrast microscopy, the

cells were typically flattened, nucleated ovoids, 15-20 ;u,m

in length, with l-2-/j,m oval, refractile granules packing

their cytoplasm (Fig. 1). Anti-tubulin iminunofluorescence

revealed the MBof unactivated cells as one major circum-

ferential microtubule bundle that conformed to the ellipsoi-

dal cell shape (Fig. 2a, b). The MB was restricted to the

plane of flattening (Fig. 2d, e), with few other microtubules

visible in the cells (Fig. 2f).

Not all of the cells exhibited this typical ovoid amebocyte

morphology, however. A few were circular in profile, and

contained a circular MB(Fig. 3a, a' ). In addition, in samples

from every animal examined, a significant percentage of

cells tapered to a point at one or both ends (Fig. 3b-d), and

the microtubules in these cells were not organized into

typical continuous circumferential MBs but rather extended

into the pointed ends (Fig. 3b-3d'). The percentage of

pointed amebocytes, as determined by counts of more than

1000 cells in 10 animals, ranged from 1.3% to 8.3% (Table

1 ). In all cases the predominant variant was singly-pointed;

doubly-pointed cells were observed in small numbers and in

only five of the animals (Table 1 ), and cells with circular

profile were also observed sporadically.

The distribution of F-actin was determined by Texas-red

phalloidin binding (Fig. 4). F-actin appeared in some inte-

rior regions of unactivated cells, usually in the vicinity of

the nucleus. F-actin was also evident in a thickened cortical

layer in edge view throughout the cell periphery (Fig. 4b,

Figure 1. Intact unacti\ated amebocytes. The cells are flattened

ovoids. packed with secretory granules (gr) except in the region occupied

by the nucleus (n). DIC image; bar = 10 /urn.
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Figure 2. Microtubule distribution in unactivated cells; phase contrast

and fluorescence microscopy, (a-c) A field of suspension-labeled cells,

observed with phase contrast, anti-tubulin, and DAPI labeling, respec-

tively. The marginal band (MB) in all cells follows ellipsoidal cell contour

(a f.v. b), with nuclei in the interior (c). (d, e) Two cells viewed on edge;

phase contrast and anti-tubulin labeling, respectively. Flattened morphol-

ogy is evident, with MB at the planar extremities (e; arrowheads), (f)

Higher magnification view of MBmicrotubules in another cell. The MB
consists of one major circumferential microtubule bundle, with few micro-

tubules evident elsewhere.

arrows), with adjacent hazily labeled areas that are attrib-

utable to cortical F-actin being observed in face view.

Additional structural features of unactivated cells: TEM
observations

To visualize cytoskeletal elements and cellular organelles

in greater detail, fixed, unactivated cells were examined in

TEMthin sections (Fig. 5). In addition to the electron-dense

granules found throughout the cell, major components vis-

ible in survey views included nucleus, mitochondria, and

Golgi apparatus; there was no surface-associated canalicular

membrane system such as is found in non-mammalian ver-

tebrate thrombocytes and mammalian platelets (Fig. 5a).

Examination of numerous mature granules in TEM thin

sections showed that those closest to the cell surface were

always separated from the plasma membrane by a cytoplas-

mic gap 50 nm thick (Fig. 5b. c). At higher magnifica-

tions, MB microtubules and centrioles (Fig. 5d-g) were

visible, with the MBroutinely observed at the cell periphery

in various sectional views (e.g.. Fig. 5d v.s. e). In cross

Figure 3. Cytoskeletal variants in the normal unactivated amehocue

population; paired images; phase contrast and fluorescence, (a, a') Ame-

bocyte, with a circular rather than elliptical profile, and with a circular MB.

(b. b') Singly-pointed amebocyte. with microtubule bundles following the

entire cell contour including the pointed tip (arrowheads). This variant type

was found in every animal examined (see also Table 1). (c. c'; d. d')

Examples of doubly-pointed cells, with microtubule bundles forming in-

complete, doubly-pointed MBs (arrowheads). This variant was found only

in some animals. Bar = 10 /am.

sections, the closest approach of MB component microtu-

bules to the plasma membrane was 50 nm, as in the case

of granules (Fig. 5d; arrowheads and white bars).

Centrioles were found regularly, often with both mem-

bers of a pair in a given section, usually located between the

nucleus and Golgi apparatus. Centrioles had classic cylin-

drical structure. 0.2 X 0.3 jim, with one closed end (Fig.

5f, arrow) and typical 9 + triplet cross section (Fig. 5g).

Centriole pairs were present in both parallel and perpendic-

ular orientation, and when both members of a pair were

f

Figure 4. F-actin distribution in unactivated cells; phase contra-.! and

fluorescence microscopy, (a) Phase contrast, several cells with nuclei

visible, (b) Same cells as in (a), rhodamine-phalloidin binding by F-actin

filaments. F-actin was concentrated principally in regions near the nucleus,

and in a cortical layer visible in edge view at the cell periphery (b. arrows).

Bar = 10 fim.
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Table 1

of pointed granular ciniehocvJes in hemolymph oj 10 animals

Animal

no.
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Figure 5. Structure of unactivated cells. TEM thin sections, (a) Longitudinal section overview, showing

granules (gr). Golgi apparatus (ga). nucleus (n). mitochondria (m). Note: background material external to cell =

fixed hemocyanin. (b. c) Enlarged views of gr-labeled granules in the same cell, showing the granules separated

from the plasma membrane by a gap of 50 nm (arrowheads), (d) Marginal band (MB) of microtubules in cross

section, with some of the interior microtubules indicated by arrows; like granules, the outermost MBmicrotu-

bules of unactivated cells are separated from the plasma membrane by a gap of 50 nm. as indicated by the

white lines (opposite arrowheads), (e) MBmicrotubules in longitudinal section, (f. g) Centriole pairs, shown in

longitudinal and cross section, respectively, are a common feature. Longitudinal view shows typical closure at

one end (f. arrow), and the triplet "pinwheel" directionality of pairs is evident in cross-sectional view (g. arrows).

Bars: (a)
=

1 /xm: (b, as in c) = 0.5 /arm (d-g)
= 0.2 jum.

bocytes prepared by freeze-substitution (Ornberg, 1985). or

by a fixation method that preserves cortical F-actin in plate-

lets (Boyles et /., 1985; Tablin and Levin. 1988).

Because of its binding specificity, phalloidin labeling

verifies that an F-actin-rich cortical layer is present in the

Limulux amebocyte (Fig. 4), as shown previously for F-actin

in unactivated platelets and vertebrate thrombocytes (Debus

el ul.. 1981: Lee et u/.. 2004). Thus, in the Linniliis ame-

bocyte, the MB appears to act as a flexible frame llial

maintains unactivated cell shape by pressing from \\ithin

against an actin-rich, filamentous cortical network (Fig.
l

'i.

in agreement with earlier proposals based on thin sections
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Figure 6. Time-course of microtuhule redistribution during clot formation by lipopolysaccharide-activated amebocytes, observed by anti-tubulin

immunofluorescence (phase contrast-fluorescence pairs: time of fixation is in upper left corner of phase images a-d). (a, a' ) Cells 30-s post-activation; MBs
are still at the periphery, somewhat folded and buckled, but still recognizable (C.K-. a', arrow); most granules have already exocytosed, and boundaries of

individual cells are beginning to be obscured by the clot as viewed in phase contrast (a), ib. b') 3 min after activation; microtubules have moved into the

interior and are associated with nuclei; many MBs are still recognizable as highly twisted forms (e.g., arrow), (c. c') 7 min post-activation; MBs are

essentially unrecognizable as such, but microtubule bundles are still localized at nuclear surfaces (n; arrow in c'). (d, d'l 10 min post-activation;

microtuhules have a much more diffuse distribution, even in the few remaining cells in which exocytosis is incomplete (d, arrow). Bar = 10 |ixm.

Figure 7. Activation tune-course for F-actin redistribution relative to microtubules during clot formation, observed by anti-tubulin and rhodamine-

phalloidin fluorescence (phase contrast-fluorescence triplets); time of fixation is in upper left corner of phase micrographs (a-d). Individual cells are not

discernible in phase contrast post-activation, with the image mottled by the surrounding clot, (a-a") I
=

1 min; exocytotic cells within the clot have become

more compact, with marginal bands (MBs) beginning to deform and twist (a', arrow) and cytoplasmic F-actin distribution in a variable phase (a"), (b-b")

t
= 5 min; MBs are twisted and located in the interior, closer to nuclei (b' I; spiky F-actin-rich protrusions appear on most cells (b". arrow), (c-c") I

=

min; MBs have lost recognizability. and microtubule bundles remain in the interior close lo ink lei lc' ); F-actin has redistributed in a spreading cell pattern,

with a few peripheral F-actin-rich protrusions remaining (c"). (d-d") t = 10 mm; some variation was noted in different regions of the clot, with this region

still containing cells that had long F-actin-rich tilopodia. Bar = 10 /urn.
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Figure 8. Cytoskeletal and nuclear structure in lipopolysaccharide-

activated cells (TEM). (a) 5 min post-activation; low-magnification view

of deformed nucleus, (b) Higher magnification view of area delimited in

(a), showing bundles of microtubules adjacent to nucleus (arrows), (c) 10

min post-activation; exocytosis is complete, with no intact granules re-

maining. Centrioles (arrow, and inset) remain intact. Bars: (a. c) =
1 /xm);

(b) = 0.25 fim; (c inset) = 0.2 ju,m.

(Nemhauser el <//.. 1980; Cohen and Nemhauxer. !9Xv

Tahlin and Levin. 1988). The same mechanism applies to

platelets and to non-mammalian thromhoeytes (Lee </ <//..

2004). and it is similar to that proposed previously tor the

MB-eontaining nucleated erythrocytes of all non-mamma-
lian vertebrates (Joseph-Silverstein and Cohen. 19X4.

1985).

There is, however, one fundamental difference between

the MB-containing cytoskeleton of unactivated nucleated

erythrocytes and that of invertebrate or vertebrate clotting

cells. The erythrocyte system is designed for long-term
maintenance of circulating cell shape, with the MB inter-

acting with a filamentous network the actin-spectrin mem-
brane skeleton that is highly specialized for stability. In

contrast, the cortical layer of the clotting cell through
interaction with the MB must maintain the unactivated

circulating shape for long periods, while remaining at all

times responsive to the signals that induce the rapid shape
transformations associated with clotting. As shown in the

current work with Liinulus amebocytes, as well as in pre-

vious work on platelets and non-mammalian vertebrate

thrombocytes, the ultimate effector targeted by such signal-

ing appears to be F-actin.

Unactivated cytoskelelul variants

The presence of minor numbers of discoidal cells con-

taining discoid MBs and pointed cells containing a pointed

microtubular cytoskeleton (Fig. 3) raises the possibility that

there is more than one blood cell type in Liinulus. While

such amebocytes have not been reported previously, two

hemocyte types granular and nongranular have been de-

cell long axis

marginal band
microtubules

-
granule

nucleus

F-actin

(cell cortex)

Kiyure 9. Diagrammatic summary of cuoskelelal features ot the iin-

actnated Liinulus amehocyte: cutaway view with cell thickness e\a;jgci

aled). The marginal hand (MB), enclosed within the r-'-actin-nch ouiii.il

layer in the plane of flattening, is presumed lo acl as a llexihle frame

imposing pressure against the cortex to maintain the flattened ellipsoidal

shape of unactivated cells. Both the MB and the most peripheral mature

granules abut the cortic.il layer, as illustrated in the cross-sectional \ie\\.
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scribed for the Asian horseshoe crab Tacliypleits (Toh el al.,

1991). Nongranular hemocytes have not been observed in

Limiilus, but the singly-pointed granular cells constituted

~l%-8% of the population in 10 animals examined, with a

few doubly-pointed ones in some (Table 1 ). Their number

and constancy in samples prepared by free flow of blood

directly into fixative preclude simple dismissal as a surface-

contact or pipetting artifact, but it is highly unlikely that

they represent a different cell type. Both singly-pointed and

doubly-pointed morphologies (Fig. 3) are reminiscent of

forms found previously during MB biogenesis in develop-

ing amphibian erythroblasts in vivo and in vitro (Ginsburg ct

ciL, 1989; Twersky ct al., 1995; Huang ct til., 2001). In

addition, discoidal amphibian erythrocytes containing dis-

coidal MBs are reported to precede the generation of ellip-

soids (Dorn and Broyles, 1982). Thus the observed variant

amebocyte types may be biogenetic intermediates in the

formation of ovoid Limiilus amebocytes. Alternatively,

pointed morphology could be produced by mechanically

deteriorating cytoskeletons in older cells destined for retire-

ment, and both possibilities remain to be tested. Unfortu-

nately, this problem is made difficult because the sites of

amebocyte production and recycling in the adult animal are

still unknown.

Post-activation events

Shortly after activation, the MBremained associated with

the cell periphery, still with few microtubules evident else-

where (Fig. 6a. a' ). Within a few minutes, however, the MB
rapidly lost this association, as twisted microtubule bundles

moved to the interior, adjacent to cell nuclei (Fig. 6b, b'. c.

c'). In TEM thin sections, these interior bundles of micro-

tubules were consistently found near the nuclear indenta-

tions of activated cells (Fig. 8a. b). suggesting that they may
be responsible for altering nuclear shape. Though not com-

monly observed in other systems, microtubule association

with nuclear constrictions occurs both in activated non-

mammalian thrombocytes (Lee et til., 2004) and in cultured

leukemic cells undergoing apoptosis (Pittman et al., 1997).

Microtubule function in nuclear remodeling is perhaps best

documented for the spermatid manchette in a mechanism

involving dynein and kinesin motor proteins (Mclntosh and

Porter, 1967; Hall ct al.. 1992), but in the other cases the

effector mechanism is unknown. In the activated Limiilus

amebocytes, all recognizable MBmicrotubules disappeared

eventually (Fig. 6d'; Fig. 7d'), in this respect resembling

lobster hemocytes spreading on a substrate (Cohen et al.,

1983).

Following activation induced by lipopolysaccharide

(LPS). the F-actin reorganized and spread outward, produc-

ing long, spiky, F-actin-rich filopodia as a major feature

(Fig. 7a" vs. 7b", d"). Though not previously shown to

contain F-actin, such spiky filopodia have also been ob-

served in individual LPS-activated spheroidal amebocytes

separated on a substratum that is, not in a clot (Armstrong,

1985a). Thus, formation of such spiky filopodia does not

require cell-cell contact. The F-actin in cells in some regions

of our clots transformed into flattened discoidal patterns

similar to individual surface-spreading non-mammalian ver-

tebrate thrombocytes (Lee et al., 2004) and mammalian

blood platelets (Allen ct al., 1979). However, in other

regions the cells retained spiky F-actin filopodia for longer

periods, possibly contributing to the integrity and mechan-

ical properties of the clot, as proposed for platelets (Cohen,

1979). Lack of synchrony or identity in the response of cells

throughout the clot is not surprising, since the clots formed

in vitro had local variations in thickness, cell density, and

cell proximity to the clot surface and the surrounding me-

dium.

In contrast to the outward-moving F-actin. the microtu-

bules relocated into the interior and became associated with

nuclei (Figs. 6b', 7b' ). in agreement with TEMobservations

of Tablin and Levin (1988). and in marked similarity to

fluorescently localized F-actin and microtubules in activated

non-mammalian thrombocytes and in platelets (Debus et al.,

1981 ; Lee et al.. 2004). These results support the hypothesis

that the microtubules function primarily in the biogenesis

and maintenance of unactivated amebocyte morphology,

whereas F-actin is involved primarily in motile and mor-

phogenetic functions associated with post-activation shape

transformation. Thus, in most respects, the function of ma-

jor cytoskeletal elements before and after activation of

Liniiilus amebocytes closely resembles that of both mam-

malian blood platelets and non-mammalian nucleated

thrombocytes (Allen et al.. 1979; Debus et al.. 1981; Lee et

al., 2004).

With respect to signaling pathways involved in Limiilus

amebocyte exocytotic and cytoskeleton-based activity,

some cells that had undergone complete exocytosis were

found to contain twisted but nearly intact MBs (e.g., Figs.

6a,' 7a'). This indicates that MBdisorganization per se is

not a prerequisite for exocytosis. Conversely, complete exo-

cytosis is not a prerequisite for complete MBdisorganiza-

tion (e.g.. Fig. 6d. arrow). Thus, bacterial LPS probably

triggers several sequences of events that proceed in parallel,

but are relatively independent of each other.

Anichiii'vtc multifunctionality

Centrioles were observed in thin sections of unactivated

cells with such frequency that we assume a centriole pair to

be present in every cell. What might their function be in

mature amebocytes? They are not involved in cell division,

as mitosis has been observed only in immature amebocyte

precursors in early Limiilus embryos (Coursey et at.. 2003).

and never in amebocytes of adult animals (e.g., Copeland

and Levin. 1985). They are not associated with MBmicro-
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tubules as in molluscun erythrocytes, in which centrioles

function in MB reassembly (Nemhauser et <//., 1983), and

there are tew other cytoplasmic microtubules present. More-

over, the centrioles remain adjacent to the nucleus in cells in

which exocytosis is complete (Fig. 8c), with no evidence of

centrosomal microtubule nucleation during that process.

Are they just "leftovers" from poles of the last mitotic

spindle preceding their biogenesis? Not necessarily. As

their name suggests. Limn/us amebocytes are multifunc-

tional cells that can move about the tissues of the animal

with pseudopodia. in addition to being carried by the circu-

lation; and they can also engage in limited phagocytosis

independent of exocytosis and clotting (Armstrong, 1985a).

Centriole-containing centrosomes may well be involved in

these activities, as in similar crawling movements of mam-

malian polymorphonuclear leukocytes and T-cells (Zig-

mond. 1978: Pryzwansky et <//., 1983; Volkov ct ul.. 1998;

Abal et ai. 2002).

Our TEMthin section observations (Fig. 5) confirmed the

general organelle and granule content observed in earlier

studies (Copeland and Levin, 1985). as well as the absence

of a subsurface membranous canalicular system such as is

characteristic of both non-mammalian vertebrate thrombo-

cytes and platelets (e.g.. White and Clawson, 1980; Daimon

and Uchida. 1985). Why are canaliculi not present in the

Linuilns amebocyte? The canalicular system is a specialized

compartment that responds to clotting activation signals by

rapid reorganization, and we suggest that the canaliculi of

clotting cells represent a degree of differentiation incompat-

ible with the imiltifunctionality of Limulus amebocytes.

This raises an important issue with respect to mechanisms

of innate immunity and comparative hematology. There

appear to be two evolutionary strategies at work: (a) several

functions can be encompassed within a single cell type, in

which case the cell must be sensitive to a variety of signals

and respond to them in various specialized ways via sepa-

rate paths; or (b) functions can be distributed among more

specialized cell types, with correspondingly specialized sig-

nal receptor systems and fewer intracellular pathways. The

Limulus amebocyte exemplifies the former, whereas the

presence of canaliculi in vertebrate thrombocytes and plate-

lets is symptomatic of the latter.
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